Studies have shown that aluminum (Al) is associated with Alzheimer's disease (AD) causality, however, the mechanism underlying this link remains unclear. To investigate the Al neurotoxicity, the high Al-affinity protein from pig hippocampus was screened by native gel electrophoresis and Al 3þ plus 8-hydroxyquinoline (8-HQ) staining. The protein with high Al 3þ affinity was identified to be 14-3-3f, which was then used for raising antibodies. By 8-HQ staining and immunocytochemical localization, we found that the co-location of Al 3þ and 14-3-3f increased markedly in the Al-exposed rat hippocampus tissue and the cultured rat primary hippocampal neuronal cells. By immune analysis with antibodies against tau, we found that tau accumulation mainly located in the neurons of cornu amonis 3 and dentate gyrus of the rat hippocampus. Total free tau in hippocampus tissue and in neuronal cells increased 26.0% and 20.2%, respectively after Al-exposure. By immunofluorescent staining, we found that the levels of tau and 14-3-3f co-location declined 15.9% or 12.1% in the hippocampus tissue or in neuronal cells after Al exposure. These findings indicated that 14-3-3f combing with tau can prevent the over phosphorylation of tau and can be disturbed by Al exposure due to Al 3þ binding to 14-3-3f, which could account for the mechanisms underlying Al neurotoxicity related to AD.
Alzheimer's disease (AD) is characterized by two hallmark lesions, amyloid-b (Ab) plaques and neurofibrillary tangles (NFTs) (Ballatore et al., 2007) . The major constituent of NFTs is tau, a microtubule-associated protein (Goedert et al., 1988) . Tau is known as axonal protein that regulates microtubule stability and microtubule-dependent processes (Dixit et al., 2008; Drechsel et al., 1992; Lee et al., 1988) . In the course of AD, tau is abnormally phosphorylated, forming aggregates in the somatodendritic compartment of neurons that deposit as NFTs and neuropil threads (Geschwind, 2003) . Although the potential of tau to cause neurodegenerative diseases has been confirmed by the identification of tau mutants in patients (Ballatore et al., 2007) , the mechanisms by which phosphorylated tau forms aggregates in these neurodegenerative diseases, and the pathways underlying tau-induced neurodegeneration, are still not well understood.
Aluminum (Al), the third most abundant element on the earth's crust, with mounting evidence to suggest that it has been associated with causality of AD for decades (Lu et al., 2014) . Al could lead to organ deposition and subsequent tissue abnormalities, which has various biotoxicity effects in experimental animals and human (Blaylock, 2012; Singh and Goel, 2015) . High levels of Al increased risks of a number of neurodegenerative disorders including dialysis encephalopathy, AD, and Parkinson's disease (Becaria et al., 2002; Yokel and McNamara, 2001) , which arouses interest in the role of Al in the human body and the scale of mechanisms underlying Al-induced neurotoxicity. Study on the association, in our previous subjects, between exposure to Al in drinking water and AD showed that cognitive decline was greater in subjects with a higher daily Al intake (Cheng et al., 2014) .
Al has been detected in the hippocampus of animal models with the formation of NFTs (Deng et al., 2000; Wang et al., 2017) , but its pathogenesis is still unknown. Multiple studies involved pathways of Al-induced neurotoxicity, such as oxidative stress injury, DNA damage, deterioration of mitochondrial function (Exley, 2012; Dua et al., 2010; Lemire et al., 2011) , however, there seems to be no directly correlative association unifying mechanism that can explain the formation of NFTs, which are hallmark lesion in AD. Previous studies showed that the characteristic of Al induced the appearance of NFTs in the central nervous system was due to the deposition of abnormally phosphorylated tau in brain (Exley and House, 2011; Murayama et al., 1999; Wakayama et al., 1993) , which suggests that Al toxicity is tau dependent, although mechanistically this link remains unclear.
The 14-3-3 proteins are a family of highly conserved abundant regulatory proteins found in all eukaryotes and bind to a wide variety of intracellular proteins and regulate diverse cellular processes such as intracellular signal transduction, the cell cycle, and cell survival (Berg et al., 2003; Fu et al., 2000) . The 14-3-3 protein is highly expressed in nervous system. The 14-3-3f possesses chaperone-like activity and can prevent aggregation of partially unfolded proteins (Chernik et al., 2007; Sluchanko and Gusev, 2011; Williams et al., 2011; Yano et al., 2006) . The 14-3-3 proteins were identified to specifically bind phosphoserine/ phosphothreonine (pSer/pThr) containing motifs. A highaffinity interaction between tau and 14-3-3 is mediated through phosphorylation of tau at Ser214 and that abrogated the formation of aggregates/filaments of tau (Sadik et al., 2009) . The 14-3-3f has the property of a chaperone protein (Sluchanko and Gusev, 2011) , therefore, may ensure tau to be phosphorylated normally and prevent tau aggregation.
To investigate how Al confers neurotoxicity, a fluorimetric method with 8-hydroxyquinoline was designed to detect the affinity protein with Al 3þ in a gel of native electrophoresis. The affinity interactions of 14-3-3f with Al 3þ and tau in rat hippocampus tissue and primary hippocampal neuronal cells were analyzed by immunochemical staining under electron microscope. We found that 14-3-3f combing with tau can prevent the over phosphorylation of tau and can be disturbed by Al exposure due to Al 3þ binding to 14-3-3f, which may account for the mechanisms underlying Al neurotoxicity related to AD.
MATERIALS AND METHODS

Chemicals
Aluminum chloride (AlCl 3 ) was dissolved in saline (0.9% NaCl) diluted to the concentration required before use. 8-hydroxyquinoline (8-HQ), beta-actin antibody, bovine serum albumin, mlcysteine, DNase I, cytosine b-d-arabinofuranoside, protein ASepharose beads, and DAPI were purchased from Sigma-Aldrich Technology. Glutamax, Alexa568-onjugated anti-mouse, and Alexa488-conjugated anti-rabbit secondary antibodies were obtained from Invitrogen Thermo Fisher Scientific. Mouse polyclonal to 14-3-3f and rabbit monoclonal to tau primary antibodies were from Abcam. Other reagents were of commercially analytical grade.
Fluorimetric Detection of Al 31 Affinity Protein In Vitro
Protein extraction from pig hippocampus. The pig hippocampus was dissected from the brain of white pig at the age about 180 days. Total protein of hippocampus samples was extracted according to the method of Xi et al. (2016) .
Native PAGE and fluorimetric detection of Al 31 affinity protein with 8-HQ staining. Native PAGE was carried out as described by Xi et al. (2016) , with some modifications. Each of the gel well contained 20 ll protein extracted from pig hippocampus with the sample buffer. After electrophoresis, the gel was washed by 1% Triton X-100 solution for 5 min with gently shaken on the platform, and incubated with 10 mM AlCl 3 in gently shaken water bath at 37 C for 30 min. Then the gel was washed with 40 mM pH 7.4Tris-HCl buffer for twice (5 min each) to remove the free AlCl 3 in the gel, and incubated with 0.4 g/l 8-HQ 40 mM Tris-HCl buffer at 37 C for 30 min. Thereafter, the gel was washed with 40 mM pH 7.4 Tris-HCl, observed under ultraviolet light.
Isolation and identification of the Al 31 affinity protein. The fluorescent bands were manually sectioned from the 8-HQ stained gel (see above) and washed with 40 mM pH 7.4 Tris-HCl until the fluorescence disappeared, then individual protein in the gel slice was analyzed and isolated by SDS (sodium dodecylsulfate)-PAGE as described previously (Xi et al., 2016) . The isolated protein in-gel digestion was submitted for analysis of MALDI-TOF/ TOF (Applied Biosystems/MDS SCIEX, USA) (Zhang et al., 2007) . The amino acid sequence data of the Al 3þ affinity protein were identified by LC-LTQ-MS (Thermo-Fisher Scientific, Pittsburgh, USA) and searched in the database of SwissProt International Protein and Nucleic Acid Sequence. at a relative humidity (60 6 5%) with a 12 h dark/light cycle and allowed free access to food and water for 7 days, then randomized into Al-treated group and control group (n ¼ 8 in each group) allowed free access to food and water during the intragastric administration for 6 weeks. The Al-treated rat was administered orally at a dose of 200 mg Al/kg body weight per day, and each of the control rat was received saline (once per day).
Animal Experiment
Primary Hippocampal Neuronal Cells Cultures
Primary hippocampal neuronal cells cultures were carried according to the methods of Wang et al. (2017) . Neonatal Wistar rats aged within 24 h were sacrificed by decapitation. The hippocampus tissues were then dissected. Hippocampal cells were dissociated enzymatically and mechanically. A papain solution (12 U/ml) containing Ca 2þ /Mg 2þ -free HBSS, 0.42 mg/mlcysteine, 250 U/ml DNaseI (type IV), 25 mM NaHCO 3 , penicillin (50 U/ml)/ streptomycin (50 lg/ml), 1 mM sodium pyruvate, and 1 mg/ml glucose was used. After dissociation, cells were washed and centrifuged in a Neurobasal medium containing BSA (2 mg/ml and 20 mg/ml, respectively), Pen/Strep, glucose, pyruvate, and DNaseI. They were plated on poly-d-lysine-coated Aclar coverslips at high density (1 Â 10 6 cells/18 mm coverslip). Growth media (2 ml/well) consisted of a mixture of Neurobasal medium and B27, supplemented with penicillin/streptomycin (50 U/ml; 50 lg/ml), and 0.5 mM Glutamax. Cytosine b-d-arabinofuranoside (5 lM) was added 24 h after plating to reduce the number of non-neuronal cells. After 4 days in vitro, half of the growth medium was replaced twice a week by a medium containing no cytosine b-d-arabinofuranoside. During 10--14 days, neurons were administered with AlCl 3 at a dose of 10 lg Al/ml culture fluid.
Tissue Source
After the last administration, rats were anaesthetized with pentobarbital (45 mg/kg, intraperitoneal injection), and brains were removed immediately after decapitation and sectioned coronally into 4 blocks. The 2 rear blocks were used for histopathological examination. The 2 rear blocks were used for histopathological examination. One rear block was fixed in 10% neutral buffered formalin, dehydrated in 50%-100% enthanol solutions, and then embedded in paraffin. The other rear block was used to separate the hippocampus (1 mm   3 ) and fixed in 3% glutaraldehyde and 2% paraformaldehyde. The front two blocks were washed twice with cold saline solution and one was used for the preparation of frozen section directly. The other was used for the extraction of protein. Briefly, 1.0 g of frozen sample was finely powdered in a mortar with liquid nitrogen and then homogenized with 9 mL 40 mM pH 7.4 Tris-HCl buffer. The homogenate was centrifuged at 10, 000 Â g for 30 min, at 4 C and the supernatant was collected.
Primary hippocampal neuronal cells were washed twice with PBS at the end of experiment. Part was fixed in 3% glutaraldehyde and 2% paraformaldehyde. Part was used for the extraction of protein. Briefly, cells were harvested/lysed with the lysis buffer (1% SDS, PMSF 1 mM, pepstatin 10 lg/ml, aprotinin 1 lg/ml, and sodium vanadate at 1 lM), along with sonication. Lysates were microcentrifuged at the top speed at 4 C.
Detection of Al Content by ICP-MS
The content of Al was detected by ICP-MS according to the method of Liu et al. (2016) . The samples were analyzed using an inductively coupled plasma mass spectrometer (model 7700x, Agilent Technologies, Hachioji, Japan).
Location of Al by Confocal Microscopy
The location of Al 3þ in rat hippocampus tissue and primary hippocampal neuronal cells was stained with 8-HQ as fluorescent probe and visualized by confocal microscopy according to the methods of Wang et al. (2017) . The samples were washed twice with PBS and permeabilized in 1% Triton X-100 for 10 min, then incubated at 37 C for 30 min in medium containing 5 lmol/L 8-HQ dissolved in DMSO, and washed with PBS three times. After washing, samples were counterstained with DAPI (Life Technology), and the images were viewed using a Fluoview1000 confocal microscope (Fluoview 1000, Olympus, Japan).
Immunohistochemistry Analyses
Immunohistochemical. The histopathological slides of rat hippocampus tissue were first deparaffinized and rehydrated. Before immunohistochemical, slides were subjected to antigen retrieval step, then washed and incubated in 0.7% H 2 O 2 for 15 min. Slides were then washed in TBS (pH 7.6) and blocked with 10% normal goat serum for 1 h and incubated with primary mouse polyclonal 14-3-3f antibody (1: 2000) and rabbit monoclonal tau antibody (1: 2000) diluted in TBS with 1% BSA overnight at 4 C.
Next day, slides were washed and incubated with biotinylated secondary goat anti-mouse antibody and goat anti-rabbit antibody for 1 h, followed by incubation with Vectastain ABC kit for 30 min. Immunoreaction was developed by incubation with ABC peroxidase substrate kit for 4 min. Slides were counterstained with haematoxylin for 1 min and mounted (Knezovic et al., 2015) . Images were captured by a Leica microscope (Leica Microsystems, Wetzlar, Germany).
Immunofluorescent staining. For immunofluorescent labeling the co-location of 14-3-3f and tau, frozen sections of rat hippocampus tissue and fixed primary hippocampal neuronal cells were permeabilized in 1% Triton X-100 in PBS for 10 min, and blocked in 50% goat serum in PBS containing 1% BSA for 30 min, before being coincubated with mouse polyclonal 14-3-3f antibody and rabbit monoclonal tau antibody (both 1: 1000 in PBS, 1% BSA for 1 h) followed by Alexa568-conjugated anti-mouse and Alexa488-conjugated anti-rabbit secondary antibodies (1: 200 in PBS, 1% BSA for 1 h). Samples were mounted in vectashield containing DAPI for counterstaining of nucleus. For immunofluorescent labeling the co-location of Al 3þ and 14-3-3f, frozen sections of rat hippocampus tissue and fixed primary hippocampal neuronal cells were permeabilized and loaded at 37 C for 30 min in medium containing 3 lM 8-HQ dissolved in DMSO fist. Then samples were blocked in 50% goat serum in PBS containing 1% BSA for 30 min, before being coincubated mouse polyclonal 14-3-3f antibody (1: 1000 in PBS, 1% BSA for 1 h) followed by Alexa568-conjugated anti-mouse secondary antibodies. Samples were also mounted in vectashield containing DAPI for counterstaining of nucleus (Gilley et al., 2016) .
Immuno-electron microscopy. The procedure of immuno-electron microscopy was according to the method of Alghamdi and Fern (2015) . After extensive testing using a variety of fixation protocols (3% glutaraldehyde þ2% paraformaldehyde), embedding (propylene oxide þ Spurr's resin/propylene oxide þ Agar low viscosity resin/ethanol þ LR White resin), etching, and staining protocols, the following technique produced acceptable results: Hippocampus were dissected in Sorenson's buffer, washed in 0.1 M sodium cacodylate buffer (2 mM CaCl 2 /pH 7.4) and postfixed in 2% formaldehyde þ3% glutaraldehyde in cacodylate buffer overnight. Nerves were then washed prior to secondary fixation (1.5% potassium ferricyanide) and washed again prior to tertiary fixation (2% uranyl acetate). Hippocampus were sequentially dehydrated, washed in propylene oxide, and embedded using the following steps: (a) 2: 1 propylene oxide þ modified Spurr's low viscosity resin for 90 min; (b) 1: 1 propylene oxide þ modified Spurr's resin for 60 min; (c) 1: 2 propylene oxide þ modified Spurr's resin for 60 min; (d) 100% Spurr's low viscosity resin (30 min, then overnight, then 180 min); and (e) polymerization for 16 h at 60 C.
We tested anti-tau, anti-14-3-3f antibodies, and the colocation of two antibodies cocktails (the primary and secondary staining both 24 h, 4 C, overnight) in section of rat hippocampus tissue that had been etched and blocked. The primary antibody tested of the section was rabbit monoclonal tau antibody (1: 5000) followed by staining with goat anti-rabbit 10 nm gold conjugate for 60 min. After that, the secondary antibodies tested of the section was mouse polyclonal 14-3-3f (1: 5000) followed by staining with goat anti-mouse 5 nm gold conjugate for 60 min. Ultrathin sections were counter-stained with uranyl acetate and lead citrate and examined with a Jeol 100CX electron microscope (JEOL, Peabody, USA).
Immunochemistry Analyses Western blot. The protein extracts from rat hippocampus tissue and primary hippocampal neuronal cells were subjected to SDS-PAGE and then transferred to polyvinylidene difluoride membrane according to the method of Cheng et al. (2014) . The membrane was probed with anti-tau and anti-14-3-3f antibodies (both 1: 5000), respectively. Signals were detected using an enhanced ECL detection system (GE Healthcare) with a Storm phosphorimager (Molecular Dynamics, Sunnyvale, USA).
Co-immunoprecipitation.
The procedure of coimmunoprecipitation was according to the method of Hunkele et al. (2016) . The protein extracts of rat hippocampus tissue and primary hippocampal neuronal cells were pre-cleaned with protein A-Sepharose beads for 1 h at 4 C. Pre-cleaned lysates were then incubated with anti-tau antibody at 4 C, overnight.
Following the incubation period, the protein A-sepharose beads were then added to mixtures, which were then incubated for 2 h on a rotatory platform at 4 C. The beads were then washed three times. The immunoprecipitate was released from the washed beads by the addition of SDS-PAGE sample loading buffer, followed by heating at 100 C for 10 min. The supernatant obtained after centrifugation was resolved by SDS-PAGE and subjected to Western blot analysis to detect the coimmunoprecipitated protein of 14-3-3f.
Statistical Analyses
The results are expressed as the means 6 SD of triplicate measurements using SPSS 17.0 for Windows. The statistical significances of data were determined using 1-way analysis of variance (ANOVA) followed by the Duncan multiple-range test, where p-values < .05 were regarded as significant and p-values < .01 as highly significant.
RESULTS
Identification of Al 31 Affinity Protein From Pig Hippocampus Tissue
Based on the principle of fluorescence of Al 3þ -8-HQ complex, native PAGE was used to isolate and identify the proteins with specific binding to Al 3þ in pig hippocampus. There were two major protein bands showed green fluorescence in the native PAGE after the 8-HQ staining ( Figure 1A ). The two proteins were excised from the native gel, then were loaded on a SDS-PAGE ( Figure 1B ), thereafter were submitted for analysis of mass spectrometry (MALDI-TOF/TOF), which revealed that the protein of band 1 was highly matched with creatine kinase (CK) of brain (sus scrofa, Uenishi et al., 2004) and the protein of band 2 was highly matched with 14-3-3 protein zeta (14-3-3f, sus scrofa, Bischoff et al., 2008) .
Al-Accumulation in Rat Hippocampus Tissue and Primary Hippocampal Neuronal Cells After Al Exposure
The location of Al 3þ in rat hippocampus tissue and primary hippocampal neuronal cells was visualized by 8-HQ staining. The accumulation of Al 3þ in the neurons was seen around the nuclei (blue fluorescence) with green fluorescence ( Figs. 2A and 2C ). There was much more abundant accumulation of Al 3þ in neurons of the Al-exposed rat compared to control rat without exposure to Al (Figure 2A ). The Al level in tissue of Al-exposed rats was 70.2% higher than that of control rat ( Figure 2B ). Similar results were observed in the cultured neuronal cells of rat primary hippocampal ( Figure 2C ), much denser accumulation of Al 3þ was seen in the Al-treated cells than control cells without Al treating ( Figure 2C ). Al level in the Al-treated cells was 77.8% higher than that of control cells ( Figure 2D ).
The Co-Localize of Al 31 and 14-3-3f in Hippocampus Tissue and Primary Hippocampal Neuronal Cells Although the affinity of Al 3þ and 14-3-3f was high in vitro, it
was not clear that the affinity may influence the biological functions of 14-3-3f in vivo. Therefore, co-localized of Al 3þ and 14-3-3f was performed based on Al 3þ being marked by 8-HQ that emits green fluorescence and the 14-3-3f protein binding with its specific antibody and subsequently binding with the secondary antibody conjugated with the chemical that emits pink-red fluorescence. The locus of Al 3þ and 14-3-3f co-location will show yellow-green fluorescence.
In the rat brain, the hippocampus was divided into three regions, which were dentate gyrus (DG), cornu amonis 1 (CA1), and cornu amonis 3 (CA3) with different structures and functions of each. Abundant of 14-3-3f was seen to distribute densely around the nuclei (blue fluorescence) in the DG, CA1, and CA3 regions ( Figure 3A) . The levels and distributions of 14-3-3f were not influenced by exposure to Al.
The distinct location of Al 3þ was also observed in the DG, CA1, and CA3 regions of the hippocampus tissue, especially in CA3 after the exposure to Al ( Figure 3B) . Similarly, the co-location of accumulated Al 3þ and 14-3-3f was clearly seen in rat primary hippocampal neuronal cells treated with AlCl 3 ( Figure 3B ).
The Accumulation of Phosphorylated Tau in Hippocampus Tissue and Primary Hippocampal Neuronal Cells Induced by Al Exposure
The levels and distributions of 14-3-3f in the rat hippocampus tissue and the cultured rat primary hippocampal neuronal cells were not influenced by exposure to Al as shown under Leica microscope with immunohistochemical staining ( Figure 4A ), as well as Fluoview1000 confocal microscope with immunofluorescent staining ( Figure 4B ). The exposure to Al caused a significant increase of tau aggregations in the hippocampus tissue as indicated by a serious change in the neurons of CA3 and DG compared with the control group ( Figure 4B , marked by red arrows). Significant accumulations of tau protein were observed in the magnified CA3 region.
The levels of 14-3-3f and tau in rat hippocampus tissue and cultured rat primary hippocampal neuronal cells were evaluated by Western blot analysis with antibodies against 14-3-3f and tau. There was no significant change in 14-3-3f protein in control and Al-exposure rat hippocampus tissue and primary hippocampal neuronal cells (Figs. 4C and 4E ). Free tau has four major bands, named tau1, tau2, tau3, and tau4, which differing in molecular weight due to the different degree of phosphorylation. Comparing to the control rat, levels of phosphorylated tau2 and tau3 in the hippocampus tissue were enhanced to 16.0% and 28.1%, respectively, in the rat exposed to Al (200 mg/ kg) for 8 weeks ( Figure 4C) . Similarly, the levels of phosphorylated tau2 and tau3 in the cultured rat primary hippocampal neuronal cells were enhanced to 21.6% and 19.3% by the Al exposure, respectively ( Figure 4C ). The total free tau in the hippocampus tissue or in the cultured cells was enhanced to 26.0% or 20.2% by exposing Al, respectively.
The Co-Location and Interaction of Phosphorylated Tau and 14-3-3f in Hippocampus Tissue and Primary Hippocampal Neuronal Cells Immuno-electron microscopy was carried to identify the co-location of tau and 14-3-3f. Tau was marked by the gold of 10 nm and 14-3-3f was marked by the gold of 5 nm in rat hippocampus tissue ( Figure 5A ). The exposure to Al for 8 weeks caused the accumulation of tau in dendrite and the decline of tau and 14-3-3f co-location in axon of the neurons.
Immunofluorescent staining results showed that distribution of tau (green fluorescence) in the hippocampus tissue was away from nucleus and the co-location of tau and 14-3-3f (yellow fluorescence around the nucleus) remarkably decreased after the rat exposed to Al ( Figure 5B ). In the cultured primary hippocampal neuronal cells exposed to Al, there were much higher level of tau distributed in dendrite than that in axon and cytosol ( Figure 5C ).
To further investigate Al effect on the interaction of tau with 14-3-3f, the antibodies against tau conjugated to beads were used to isolate the complex of tau binding with 14-3-3f, and then 14-3-3f was dissociated from the complex and analyzed by western blot. We found that the level of 14-3-3f binding with tau in the rat hippocampus and the cultured primary hippocampal neuronal cells were reduced about 15.9% and 12.1% by the exposure to Al (Figs. 5D and 5E ).
DISCUSSION
The Accumulation of Al in the DG/CA3 Regions of the HippocampusInduced Cognitive Impairment of Mice Al is a well-known neurotoxic agent, which has been involved in neuro-disorders and neurodegenerative diseases (Abd-Elhady et al., 2013; Esparza et al., 2011) . Chronic exposure to Al induced the accumulation in nervous system and caused significant damage in hippocampal cellular structure, as indicated by a serious change in the tissue appearance with edema and neurons exhibiting pyknosis and anachromasis (Wang et al., 2017 (Wang et al., , 2018 . Chronic exposure to Alinduced cognitive disorder evaluated using the step-down inhibitory avoidance task and Morris water maze tests in our preliminary experiment, which was associated with decline in visual memory/ attention concentration and progressive deterioration of spatial memory (Cheng et al., 2014; Linardaki et al., 2013; Lu et al., 2014) . The accumulation of Al has been found in the hippocampus of AD models. Our study showed that the accumulation of Al was mainly in the DG and CA3 regions of the hippocampus. The connections in the hippocampal formation of the brain uniquely propagate forward excitatory communication from one region to the next with the CA3 region distinctive for recurrent collateral excitation (Brewer et al., 2013) . Studies suggest that structural changes in the CA3 may be critical in the discrimination of behavioral response (Brewer et al., 2013; Vyas et al., 2002) , which may also be contributed by the reductions in DG neurogenesis (Dranovsky and Hen, 2006) . The current study is the first to show that the DG/CA3 regions of the hippocampus are involved in cognitive damage induced by Al exposure.
A Novel Fluorimetric Method for the Determination of Affinity Protein With Al 31
8-HQ is the most commonly used organic ligand for the fluorescence spectrophotometric assay (Tria et al., 2007) and derives as a good fluorophore and chromophore for the simultaneous detection of Al 3þ (Lashgari et al., 2016) . We have established a fluorimetric method of detecting Al (II or VI), and CA3 (III and IV, or VII and VIII) regions of the control or Al-exposed rat hippocampus. B, Co-location of Al 3þ and 14-3-3f in the control (I) or Al-exposed (II) rat primary hippocampal neuronal cells. The distributions of Al 3þ (green dots) were visualized by 8-HQ staining. The locations of 14-3-3f were immunohistochemically determined by the first antibody against 14-3-3f, and then by the secondary antibody (against the first antibody) conjugated with a chemical that emits pink-red fluorescence. The blue areas were the nuclei.
results should greatly help in further study on the mechanisms underlying the aluminum neurotoxicity. In mammals, seven 14-3-3 isoforms (b, e, g, c, s, f, and r) have been identified, all of which can form both homo-and heterodimers (Benzinger et al., 2005; Gardino et al., 2006; Wilker et al., 2005) via conserved sequences in the first 4 of the 9 helices that comprise them (Messaritou et al., 2010) . Large number and diversity of interacting partners the 14-3-3 proteins are implicated in the regulation and coordination of many cellular processes including cell cycle progression, apoptosis, metabolism, transcriptional regulation of gene expression, the DNA damage response, and more (Pozuelo Rubio et al., 2004) . Threedimensional structures reveal that 14-3-3 proteins contain 9 ahelices throughout the conserved region, and that the two monomers interact through their N-termini to form a clamplike structure with two inner surfaces for target protein binding (Obsil and Obsilova, 2011) . Our study also showed that the Al 3þ could also bind to 14-3-3f in vivo. The co-location of Al 3þ and 14-3-3f in hippocampus tissue and primary hippocampal neuronal cells was markedly increased by the Al exposure. This result suggests that Al may disturber the normal functions of 14-3-3f, which could contribute to the Al neurotoxicity. Immunodetection of 14-3-3f or tau in rat primary hippocampal neuronal cells. F, Relative intensity of the 14-3-3f or tau protein bands in rat primary hippocampal neuronal cells. The 14-3-3f or tau was immunohistochemically detected by the first antibody against 14-3-3f or tau, thereafter by the secondary antibody (against the first antibody) conjugated with a peroxidase and counterstained with hematoxylin. The data in D and E were expressed as mean 6 SD (n ¼ 3); different letters on the data indicate significant difference (p < .05). CK is a major enzyme of higher eukaryotes in energy metabolism and its reaction has a much higher maximal rate of ATP synthesis than oxidative phosphorylation. CK has been shown to play a fundamental role in cellular energetics of the brain, any disturbance of this enzyme may exasperate the AD process (Schlattner et al., 2006) . It has been reported in literature that CK in the AD brain is modified such that making it lose activity (Haley et al., 1998) and has undergone an oxidative posttranslational modification (Aksenov et al., 2000) . Our study has found that CK protein has a specific binding affinity of Al 3þ , so we further performed the study to gain a better understanding of the effect of Al on CK activity. Decreased CK activity has been found in brain homogenates of the rats with Al treated compared to control (Cheng et al., 2014; Wang et al., 2018) . Chronic exposure to Al could also induce a progressive deterioration of mitochondrial function and further result in dysfunctional ATP synthesis and ATP hydrolysis in brain tissues (Cheng et al., 2014; Wang et al, 2017) . This loss of CK activity and the energy metabolism disorders could explain treatment of cells with Al leads to the damage of hippocampal cellular structure and impairment of cognitive in our study.
The Aggregation of Phosphorylated Tau Induced by Al Disturbing the Protection of 14-3-3f Our study found that the Al induced the increase of the phosphorylated/aggregated tau (tau2 and tau3 in Figure 4 ) in the hippocampus tissue and neuronal; meanwhile, the formation of NFTs increased in the region of DG and CA3 (Figure 4) . The phosphorylation of tau is often considered to enhance tau aggregation, as hyperphosphorylation and aggregation are both increased in AD. The phosphorylation of tau in AD, an average of approximately 8 phosphates per molecule, is more highly modified than that in adult approximately 2 phosphates per molecule (Wang and Mandelkow, 2016) . Phosphorylation plays a crucial role in regulating the physiological functions of tau, including its binding to microtubules, and therefore regulates the stabilization and assembly of microtubules themselves.
Microtubules are essential for the development and maintenance of axons and dendrites throughout the life of the neuron, and are vulnerable to degradation and disorganization in a variety of neurodegenerative diseases. During neurodegenerative diseases, microtubule mass is commonly diminished, and the potential exists for corruption of the microtubule polarity patterns and microtubule-mediated transport. These ill effects may be a primary causative factor in the disease or may be secondary effects (Matamoros and Baas, 2016) . The phosphorylation of tau in the repeat domain (particularly Ser262) by microtubule affinity-regulating kinases, cyclic AMP-dependent protein kinase, or calmodulin-dependent protein kinase II can reduce the affinity of tau to microtubules (Hanger et al., 2009) . In addition, Thr231-phosphorylated tau undergoes a trans-to-cis isomerization, leading to a conformational change that reduces the affinity of the protein for microtubules (Lu et al., 1999; Wang and Mandelkow, 2016) . The phosphorylation of tau at Tyr394 and Tyr18 is present in paired helical filaments in the brains of individuals with AD (Hanger et al., 2009) .
In the course of AD, tau is abnormally phosphorylated, forming aggregates in the dendrites and somatodendritic compartment of neurons that deposit as NFTs and neuropil threads (Geschwind, 2003; Hinrichs et al., 2012) . Hyperphosphorylation of tau may induce pathology through its different functions in different subcellular compartments. Significantly accumulation of tau in neurons dendrite was found with the exposure to Al in our study ( Figure 5 ). Hyperphosphorylation of tau might induce tau missorting from axons to the somatodendritic compartment and dendrites with the trans-synaptic spread, which can cause synaptic dysfunction. In normal/healthy neurons, tau mainly distributes in axons and plays an important role in stabilizing microtubules. Besides regulating microtubule dynamics, tau may regulate axonal transport through different mechanisms. A small amount of tau is also detected in dendrites. Some tau locates in the nucleus, where it might play a role in maintaining the integrity of genomic DNA (Sultan et al., 2011; Violet et al., 2014) . In pathological conditions, hyperphosphorylated tau could lead to the detachment of tau from microtubules, resulting in microtubule disassembly in axons. Detached tau may mislocalize into presynaptic terminals and induce synaptic dysfunction, causing a reduction in the number of synaptic vesicles in presynaptic terminals and synapse loss (Decker et al., 2015) . In addition, tau may enter dendrites and postsynaptic compartments, and thereby induce postsynaptic dysfunction, leading to synapse loss here as well (Hoover et al., 2010; Tai et al., 2014; Thies and Mandelkow, 2007) . Pathological tau cannot enter the nucleus, which may result in DNA damage owing to the loss of the DNA-protective function of tau (Sultan et al., 2011) . Finally, tau may form aggregates, leading to a deterioration of neuronal function. Furthermore, tau aggregates may be released into extracellular space and be taken up again by other neurons, leading to the spread of tau pathology. The 14-3-3f possesses chaperone-like activity and can prevent aggregation of partially unfolded proteins (Chernik et al., 2007; Williams et al., 2011; Yano et al., 2006) . The discovery that 14-3-3 proteins bind to specific pSer/pThr containing motifs in protein targets not only suggested their utmost importance in signal transduction, but also pointed out a role for Ser/Thr phosphorylation in the assembly of protein-protein complexes (Aitken, 2011; Obsil and Obsilova, 2011; Steinacker et al., 2011) . Many 14-3-3 binding partners contain two or more 14-3-3 binding motifs, which could be used simultaneously to engage both ligand-binding grooves within a 14-3-3 dimer (Johnson et al., 2010; Kostelecky et al., 2009) . The dimer flexibility could facilitate the 14-3-3 binding to ligands of different sizes and shapes which is thought to promote interactions between distinct 14-3-3 targets, or to alter the conformation and activity of a single client (Messaritou et al., 2010) . Previous study has observed that 14-3-3f combining with phosphorylated tau protein and deduced the combination might indirectly prevent the tau aggregation (Sluchanko et al., 2009; Sluchanko and Gusev, 2011) . A high-affinity interaction between tau and 14-3-3 is mediated through phosphorylation of tau at Ser214 and that abrogated the formation of aggregates/filaments of tau (Sadik et al., 2009) . Our study showed that the co-location of tau and 14-3-3f markedly reduced in the Al-exposed rat hippocampus tissue and neuronal cells. Based on results of the present study, we proposed a model of mechanism underlying the Al neurotoxicity related to AD as shown in Figure 6 . In the normal case, 14-3-3f combing with tau at the recognition sites, therefore, tau will be normally phosphorylated and keep the microtubules in stable in axon. Once there has a level of Al 3þ around the 14-3-3f, the combination of 14-3-3f with tau will be disturbed due to the high affinity of Al 3þ with the 14-3-3f, the tau will be abnormally over phosphorylated and aggregated in dendrites to from NFTs.
CONCLUSIONS
In conclusion, the administration of Al can cause its accumulation and the formation of intraneuronal NFTs, which consequently lead to neuronal loss in the brain of model animals. Mechanistically, we found that 14-3-3f protein in hippocampus tissue has high Al 3þ affinity. The Al exposure caused markedly increase in level of co-location of Al 3þ with 14-3-3f in rat hippocampus tissue and cultured neuronal cells. Al-induced accumulation of phosphorylated tau mainly located in the neurons of CA3 and DG of the rat hippocampus tissue. Combinations of tau with 14-3-3f in hippocampus tissue and cultured neuronal cells were significantly reduced by Al exposure. Our findings indicated that 14-3-3f combing with tau can prevent the over phosphorylation of tau and can be disturbed by Al exposure due to Al binding to 14-3-3f. In addition, hyperphosphorylated tau induced by Al entered dendrites and thereby induce synaptic dysfunction, which could account for the mechanisms underlying Al neurotoxicity related to AD. 
